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A series of nanoindentation experiments with maximum depths varying from 1200 to 2500 nmwere con-
ducted to study indentation size effects on copper, aluminium alloy and nickel. As expected, results from
classical plasticity simulation deviate signiﬁcantly from experimental data for indentation at micron and
submicron levels. C0 continuity ﬁnite element analysis incorporating the conventional theory of mecha-
nism-based strain-gradient (CMSG) plasticity has been carried out to simulate spherical and Berkovich
indentation tests at micron level where size effect is observed. The results from both numerical and
actual spherical and Berkovich indentation tests demonstrate that materials are signiﬁcantly strength-
ened for deformation at this level and the proposed approach is able to provide reasonably accurate
results.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Material characterization using instrumented indentation tests
has been extended to new applications as a result of technological
advances in microelectronics and nano-technology. Not only hard-
ness of material but also other mechanical properties such as
Young’s modulus, yield strength and strain hardening exponent
can be deduced from load–displacement indentation curves. Most
of indentation tests have been intensively conducted at indenta-
tion depths from micron down to submicron levels to accommo-
date the needs of material properties of small volumes in the
ﬁelds of MEMS and NEMS. In many of these applications, material
properties are shown to be inconsistent with those provided by
classical plasticity approach, exhibiting a strong size effect.
Gains in strength at such small deformation comparable to
the material length scales have been reported for many tests on
metallic materials. Numerous experiments (micro- and nano-
indentation tests (see e.g. Atkinson, 1995; Ma and Clarke, 1995;
Nix, 1989; Stelmashenko et al., 1993); twisting of copper wires
of micron diameters by Fleck et al. (1994) micro-bend tests by Ha-
que and Saif (2003)) have shown signiﬁcant size-dependent effects
when the material and deformation length scales are of the same
order at micron and submicron levels. Finite element simulations
employing classical plasticity theories are unable to capture these
size-dependent effects. The size effects cannot be simulated viall rights reserved.
4191289; fax: +65 67791635.
ddiwudhipong), liuzs@ihpc.classical plasticity theories as no material length scale is intro-
duced. Fleck et al. (1994) proposed the theory of strain gradient
plasticity requiring additional higher-order stress and conse-
quently leading to signiﬁcantly greater formulation and computa-
tional efforts. Gao et al. (1999) and Huang et al. (2000) proposed
the mechanism-based strain gradient (MSG) plasticity guided by
the Taylor dislocation concept to model the indentation size effect.
Huang et al. (2004) further developed the conventional mecha-
nism-based strain gradient (CMSG) plasticity theory conﬁning
the presence of the strain gradient plasticity in the material consti-
tutive equation without involving the higher-order stress compo-
nents. Adopting this approach, Swaddiwudhipong et al. (2005,
2006) formulated C0 continuity solid, plane and axisymmetric
ﬁnite elements incorporating strain gradient plasticity to simulate
various indentation tests and other physical problems involving
deformation at micron and submicron levels. Alternatively, the
strain gradient plasticity may also be determined via the differ-
ences in numerical values of the plastic at various locations. The
formulation was derived based on the classical continuum plastic-
ity framework taking into consideration Taylor dislocation model.
Higher order variables and consequently higher-order continuity
conditions are not required and the direct application of conven-
tional plasticity algorithms in ﬁnite element modelling is
applicable.
Indentation size effect (ISE) has been studied extensively for
both sharp and spherical indentation tests. The measured hardness
of metallic materials increases with decreasing indentation depth
for conical and Berkovich tips (McElhaney et al., 1998; Nix and
Gao, 1998; Oliver and Pharr, 1992; Stelmashenko et al., 1993;
Fig. 1. Typical Berkovich indentation model.
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enters (Lim and Chaudhri, 1999; Spary et al., 2006; Swadener
et al., 2002). Tho et al. (2006) performed experimental and numer-
ical studies on copper and aluminium alloy Al7075 to investigate
the size effect of Berkovich indentation tests. Their ﬁndings
showed that the strength of indented materials increased when
indentation depth reduced. Another ISE study was conducted by
Zong et al. (2006) on fcc single crystals (Ni, Au and Ag). They pre-
sented nano- and micro-indentation test results and theoretical
study of indentation size effects for those crystalline materials. In
their study, a three-sided pyramidal Berkovich tip was used as
the indenter for nano-indentation tests while a Vicker diamond
tip used for micro-indentation tests. They employed MSG theories
proposed by Gao et al. (1999), Huang et al. (2000), and Nix and Gao
(1998) to study the size dependence of the crystals at submicron
levels. Strong size effects in the hardness were observed in all
specimens.
The ISE has also been studied using spherical indenters
(Swadener et al., 2002; Qu et al., 2004, 2005; Spary et al., 2006;
Hou et al., 2008). Lim and his co-workers (1999) have reported that
the size effect increases with decreasing indenter radius as ob-
served in polycrystalline and single crystal oxygen free copper.
Swadener et al. (2002) have proposed that the size effects observed
in conical indentation can be related to those of spherical indenta-
tion using the contact radius. They found that the size effect is a
function of the indentation depth for sharp indenter tips (e.g. con-
ical and Berkovich) and the indenter tip radius for a spherical in-
denter depending on the expression of the average geometrically
necessary dislocation density. Qu et al. (2004) implemented CMSG
in order to study the ISE when indentation depths approaching the
nanometer scale. Qu et al. (2005) reported the size effect in the
spherical indentation of iridium. They proposed an analytical
spherical indentation model to predict the indentation hardness
of indented materials.
In the present study, spherical indentation tests were con-
ducted on copper and aluminium alloy Al7075. Indentation tests
were designed for various maximum indentation depths of 1200,
1800 and 2500 nm. The ISE for spherical indentation test on copper
and the aluminium alloy Al7075 reported here was done in the
same framework adopted as for the Berkovich indentation size ef-
fect reported earlier by Tho et al. (2006). Another series of experi-
mental study of size effects were conducted on nickel by using a
three-sided pyramidal Berkovich tip for various depths of indenta-
tion ranging from 350 to 2500 nm.
The objective of the study is to verify that the CMSG model
incorporating the strain gradient effect be able to simulate inden-
tation size effects observed in the experimental results of pure
metals and metallic alloys, especially in copper, Al7075 and nickel.2. Numerical model
Two-dimensional axisymmetric ﬁnite elements were adopted
to model the target materials for simulated spherical indentation
tests and three-dimensional elements for Berkovich indentation
tests in the present study. The far ﬁeld effect and convergence
study were carried out. The former study showed that a domain
size of 100 micron by 100 micron is sufﬁciently large to simulate
indentation tests using a spherical indenter tip with radius of 5 -
microns. The domain size of 115.47 micron by 200 micron by
150 micron for length AH, HI and AJ respectively indicated in
Fig. 1 is required to safely avoid the boundary effect near the in-
denter tip. Based on the convergence study, a total of 8328 CAX8
elements were used in the formulation of the spherical indentation
of 5-micron radius tip. On the other hand, to simulate the indenta-
tion by Berkovich indenter possessing a threefold symmetry, onlyone-sixth of the target materials had to be considered in the 3D
model. The ﬁnite element mesh for the target material comprising
5338 second-order solid elements (C3D20) was adopted in the
latter.
In this study, the indenter was modelled as a rigid body while
the target as a deformable body. The penalty approach was em-
ployed to model the contact problem between the indenter and
the target. A constant value Poisson’s ratio of 0.3 and a friction
coefﬁcient of 0.15 between the contact surfaces were adopted for
both simulated spherical and Berkovich indentation tests. A ﬁner
mesh was used near the contact region where high stress gradient
was expected and the element size was gradually coarser
elsewhere.
3. Size effect via conventionalmechanism-based strain gradient
plasticity
The dislocation density can be related to the shear strength by
the Taylor (1938) dislocation model:
s ¼ alb ﬃﬃﬃﬃﬃqTp ð1Þ
wheres is the shear strength, l the shear modulus, a an empirical
constant, b the Burgers vector and qT the total dislocation density.
The total dislocation density qT comprises the statistically stored
dislocation density (SSD), qS, and the geometrically necessary dislo-
cation (GND) density, qG.
CMSG plasticity was formulated by Huang et al. (2000, 2004)
guided by the Taylor dislocation model. The ﬂow stress of Taylor
dislocation model can be expressed as follows
rf ¼ rref
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f 2ðepÞ þ lgp
q
ð2Þ
l ¼ rb Mal
rref
 2
ð3Þ
where rref is the reference stress, f(e p) represents the stress and
plastic strain relationship in uniaxial tension, l the material length
scale and gp the effective plastic strain gradient. For face-
centered-cubic materials for a random polycrystal,M = 3.06 (Bishop
and Hill, 1951) and for r ¼ 1:90 (Arsenlis and Parks, 1999; Huang
et al., 2000), the material length scale can be rewritten as
l ¼ 18b al
rref
 2
ð4Þ
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incorporated into the values of other parameters such as a. The
material length scale in (4) represents three combined factors i.e.
elasticity denoted through the shear modulus l, plasticity by the
presence of the yield strength rY and dislocation as expressed via
the magnitude of Burger vector b, to capture the essential compo-
nents affecting the behaviour of material during its transition from
elastic condition to plastic state at submicron level.
The plastic strain rate, _ep, can be expressed in the power law
visco-plastic model as presented by Hutchinson (1976) and Kok
et al. (2002).
_ep ¼ _e re
rf
 m
ð5Þ
_e ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
3
_e0ij  _e0ij
r
ð6Þ
_e0ij ¼ _eij 
1
3
_ekkdij ð7Þ
where re is the von Mises effective stress, rY the initial yield stress,
_e effective strain rate, m = 20 in this study, is the rate-sensitivity
exponent and _e0ij the deviatoric strain rate. The stress-plastic strain
relation for a power law hardening solids is expressed as
rY f ðepÞ ¼ rY 1þ e
p
eY
 N
ð8Þ
where N denotes the plastic work hardening exponent, the values of
which vary from 0.0 to 0.6. After substituting the uniaxial ﬂow
stress by the ﬂow stress and incorporating the strain gradient ef-
fects, the plastic strain rate can be rewritten as
_ep ¼ _e re
rf
 m
¼ _e re
rY
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f 2ðepÞ þ lnp
q
2
64
3
75
m
ð9Þ
The deviatoric strain rate can be derived from J2-ﬂow theory of plas-
ticity (Huang et al., 2000).
_e0ij ¼ _eij 
1
3
_ekkdij ¼ 12l _r
0
ij þ
3 _e
2re
re
rref
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f 2ðepÞ þ lgp
p
 !m
r0ij ð10Þ
While the stress rate can be expressed as
_rij ¼ K _ekkdij þ 2l _e0ij 
3 _e
2re
re
rref
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f 2ðepÞ þ lgp
p
 !m
r0ij
" #
ð11Þ
More details of effective strain gradient derivations for the axisym-
metric elements and solid elements were reported earlier by
Swaddiwudhipong et al. (2005, 2006).
Swadener et al. (2002) derived the average geometrically neces-
sary dislocation density by assuming that the dislocations are dis-
tributed approximately in a hemispherical volume, V = 2pa3/3.
Therefore, the average geometrically necessary dislocation density
as a function of indenter geometry can be written as
qG ¼
3nAð2=nÞ
bðnþ 1Þh
ð12=nÞ ð12Þ
where A is a constant, b the magnitude of the Burger’s vector, n the
indenter geometry and h the indentation depth. The values of n
describe the indenter geometries. The value of n = 1 implies conical
and pyramidal indenters whereas n = 2 signiﬁes the spherical tips
and when n =1 represent the ﬂat punches.
4. Experimental details
Weconducted thenanoindentation testsusingNano IndenterXP
system available at the Institute of Materials Research andEngineering (IMRE), Singapore. Theexperimentswere designed care-
fully to study the indentation size effects of spherical indenter tips on
copper and the aluminium alloy Al7075 while the tests with a stan-
dard Berkovich tip were performed to study the size effect of nickel.
The preparation of the specimens involved the casting of the
sample materials in the epoxy resin in the form of cylinders of
about 3 cm in diameter and 1 cm in depth. In order to prevent
the inconsistency of the test results via minimizing the effect of
surface roughness and the formation of the surface oxide, the sam-
ples were subjected to wet mechanical grinding using #500, #2400
and #4000 silicon carbide papers and subsequently mechanically
polished using 6, 3 and 1 lm diamond suspensions followed by
the polishing using 0.1 lm silica solution.
A diamond spherical indenter with a tip radius of 5 lm was
used to indent the copper and Al7075 samples to various maxi-
mum depths varying from 1200 to 2500 nm. The nickel samples,
on the other hand, were indented with a standard Berkovich tip
at maximum depths ranging from 350 to 2500 nm. Experimental
sequence comprises the following: (1) loading at a constant load-
ing rate of 1 mN/s to maximum load (or indentation depth); (2)
unloading at the same rate to 10% of the maximum load; (3) hold-
ing the load for 100sec to monitor the drift of the system setup (the
thermal drift correction will be applied to all data points after test-
ing); and (4) withdrawing of the indenter tip from the sample. Dis-
placements and loads were measured with a resolution of
0.003 nm and 0.05 lN, respectively. Each series of tests at a speci-
ﬁed maximum depth comprises ten repeated indentation tests. Ex-
cept for one case for indentation on nickel at maximum depth of
1500 nm, there are at least seven sets of consistent test results
for each series. The interval of 100 lm was maintained between
two adjacent indentations throughout the experiments.5. Results and discussions
Numerical analyses were conducted using C0 continuity axi-
symmetric ﬁnite element incorporating strain gradient plasticity
to simulate the response of copper and Al7075 under spherical
indentation tests at various maximum depths. While C0 continuity
3D solid elements for Berkovich indentation model adopting the
same strain gradient plasticity theory were employed to study size
effects of nickel.
Material properties for copper are E = 109.2 GPa, rY = 78.4 MPa,
N = 0.3 (Dao et al., 2001) and E = 70.1 GPa, rY = 500 MPa, N = 0. 122
for Al7075 (Qiu et al., 2003). Material properties for nickel are
found to be E = 207 GPa, rY = 80 MPa, N = 0.24 based on its uniaxial
stress–strain curve. The values of the magnitude of Burger vector of
0.25 nm for these materials as reported by Qiu et al. (2003) and
Huang et al. (2006) were adopted in this study. The values of a
in the intrinsic material length formula in (4) are required but
are not usually available in the literature as the values are inﬂu-
enced by several parameters including the types and structures
of materials and the actions applied onto the materials. In this
study, the values of material length scales were iteratively estab-
lished via experimental results. They were identiﬁed to be respec-
tively 16.03 lm and 19.80 lm for copper and Al7075 under
spherical indentation and 20.45 lm for nickel subjected to
Berkovich indentation. By adopting the same value of material
length scales for the same target materials under the indentation
tests using the same indenter tips, the CMSG model is able to dem-
onstrate reasonably accurately the size effects on the indentation
tests at various indentation depths conducted and reported in
the present study. Figs. 2 and 3 depict the comparison of numerical
simulation employing classical and CMSG plasticity theory
and experimental results obtained from spherical indentation tests
for copper and Al7075. While the comparisons of results for
Fig. 2. Numerical and test results using spherical indenter tip for copper with a
maximum depth of (a) 1200 nm (b) 1800 nm (c) 2500 nm.
Fig. 3. Numerical and test results using spherical indenter tip for Al7075 with a
maximum depth of (a) 1200 nm (b) 1800 nm (c) 2500 nm.
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be shown that classical plasticity solutions deviate signiﬁcantly
from experimental data. On the contrary, results from numerical
model incorporating CMSG plasticity theory are able to predict
rather accurately the experimental values.
Small deviations at the initial part on the loading curve of actual
spherical indentation tests are observed in Figs. 2 and 3. These
deviations are most likely due to the presence of a thin oxide layer
formed on the surface of the specimens. As copper oxides are easier
to form than those of the aluminium alloy Al7075 and hence the
oxidation layer of the former is thicker than the latter resultingin more loads needed to indent the copper specimen at the begin-
ning of indentation test as compared to that of Al7075, as shown in
Figs. 2 and 3. This observation is usually less apparent when sharp
indenter tips are employed as the oxide layer is mostly cut through
in the latter case. Smooth loading curves and no apparent devia-
tions were noted in all Berkovich indentation tests on nickel, as de-
picted in Fig. 4.
Strong size effects were observed for both spherical and
Berkovich indentation tests on copper, aluminium alloy Al7075
and nickel, as illustrated in Figs. 2–4. It is interesting to note that
the deviations of spherical indentation curves predicted by the
classical plasticity theory and experimental results for different
Fig. 4. Numerical and test results using standard Berkovich indenter tip for nickel with a maximum depth of (a) 350 nm (b) 1000 nm (c) 1500 nm (d) 2000 nm e) 2500 nm.
976 E. Harsono et al. / International Journal of Solids and Structures 48 (2011) 972–978depths are almost the same. This implies that size effects in spher-
ical indentation tests are independent of the indentation depth.
The conclusions support Swadener et al. (2002)’s stipulation that
the hardness of material indented by a spherical indenter tip is
not affected by the indentation depth, but observed to rise with
the decrease of the radius of indenter tip. The phenomenon canbe explained through the presence of the average geometrically
necessary dislocation density qG, which is a function of the inden-
ter geometry as expressed in (12) (Swadener et al., 2002). A
spherical indenter can be approximated by a parabolic geometry
with n = 2. By substituting n = 2 to. 12, qG is no longer a function
of h, and therefore, the size effects demonstrated in Figs. 2, 3 are
E. Harsono et al. / International Journal of Solids and Structures 48 (2011) 972–978 977independent of the indentation depth. However, for pyramidal,
Berkovich and conical tips (n = 1), the indentation size effect varies
with the indentation depth, h. The deviation of load–indentation
curves predicted by the classical plasticity theory from experimen-
tal results becomes larger when the indentation depth reduces
from 2500 to 350 nm for the latter case. Fig. 4 conﬁrms that the
size effect for pyramidal and conical tips depends on the indenta-
tion depth and further supports the validity of (12).6. Conclusions
In this study, spherical indentation tests were conducted on
copper and the aluminium alloy Al7075 and Berkovich indentation
tests for nickel to investigate the size effect phenomenon. These
materials are observed to gain in strength and hardness values
when the tests were conducted at a few hundreds to thousands
of nanometers. Numerical models employing material length scale
derived based on the CMSG theory and those of classical models
were adopted in the analyses and the results compared with exper-
imental values. Classical plasticity simulations produce results
with signiﬁcantly lower indentation response while those obtained
from CMSG model incorporating the strain gradient plasticity
demonstrate reasonably good agreement with experimental re-
sults for both spherical and Berkovich indentation tests. The study
indicates that incorporating the effects of strain gradient plasticity
in the formulation of governing equation is essential for accurate
simulation when the material and characteristic length scales of
non-uniform plastic deformation are of the same order at micron
or sub-micron level.Acknowledgements
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